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Design and Evaluation of an Augmentative Communication Aid
for Multiply Impaired Individuals
ABSTRACT
A dissertation submitted in partial fulfillment of the
requirements for the degree of Master of Science in
Biomedical Engineering at the Medical College of Virginia,
Virginia Commonwealth University.
Mark Shaffer Annett
Virginia Commonwealth University
Dirrector of Dissertation

Dr. Ding Yu Fei

Individuals with sensory and multiple physical
impairments, which may include the loss of the ability to
speak, have very specialized communication needs.

Based on

the belief that the current technology does not fully meet
these needs, a prototype communication aid was developed for
an individual who is cortically blind, dysphonic, and motor
impaired.

Furthermore, the communication device has broader

applications beyond the present individual.
The prototype system has a direct selection of "Yes"
and "No" responses, scanning access to daily phrases, rate
enhancement of all scans, prompted encoding for selection of
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letters, two letter codes for complete sentences, access to
a 500 word dynamic dictionary after two letters have been
typed, and editing capabilities.

Furthermore, the research

includes suggestions on how letter prediction based on the
dynamic dictionary might be utilized.

CHAPTER I

INTRODUCTION

The seventeen year-old male subject of this study
became cortically blind, lost his ability to speak, and most
of his motor control due to asphyxiation.

As the result of

an evaluation it was determined that he would need an
augmentative communication aid (ACA).
An ACA is a device that enhances an individual's
ability to interact within his or her environment.

ACAs

range in complexity from extra thick pencils, which are
easier to hold, to complex computer systems, which can track
eye movements or accept voice input.
In order to determine the most appropriate type of ACA,
for this subject or any potential user, an evaluation of the
user's needs and a intervention strategy must to be
developed.

The "Communication Needs Model" (Beukelman and

Garret 1989) addresses three issues: 1) What are the
individual's needs?, 2) What residual capabilities does the
individual possess?, and 3) What are the constraints that
impact upon the implementation of the device?
7
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Needs of the System User
The prototype system was created for the subject as
well as other potential users who have lost their ability to
communicate later in life.

such individuals are said to

have "Acquired Severe Communication Disorders" if they at
one time either had, or still have, some level of functional
communication.

Typically these adults, who were once normal

communicators, usually maintain an intense desire to
communicate (Beukelman and Garret, 1989).
The targeted population for the prototype communication
system are individuals who still have some level of
functional communication skills but lack access to them.
These individuals are known as comprehensive communicators.
The comprehensive communicators requires a method of getting
someone's attention, a method of choosing a topic for
conversation, a yes and no response system, a way of
indicating immediate needs, possibly some method of exerting
conversation control, and a way to convey both standard an
original messages in all environments (Beukelman and Garret,
1989).
Individuals for which the ACA developed could be
applicable are those suffering from traumatic brain injury
(DeRuyter and Donoghue 1989 ; Beukelman and Yorkston 1989),
oxygen deprivation (Jackson et al. 1984), optic glaucoma
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(Beukelman et al. 1984), cortically blindness (Beukelman et
al. 19846), multiple sclerosis (Beukelman and Yorkston
1989), stroke (Beukelman and Yorkston 1989), print
blindness, and visually unstable individuals.
Capabilities of the Individual
The system was developed for a subject who has the
following residual capabilities: a knowledge of vocabulary
and some ability in spelling (semantic language skills), and
an understanding of how to convey the desired message so it
is understood (pragmatic language skills).

All potential

users are also expected to have functional hearing
capabilities which allow them to interpret speech and the
functional ability to consistently perform two distinct
motor activities.

A distinct motor activity is any body

movement such as moving the head to the right, closing a
hand, blinking an eye ... etc. which can be purposefully and
consistently performed.

In the case of the present subject

we used the left and right motion of his head.
Constraints on the System
The primary constraints that was imposed on the system
design were that the subject does not have the visual
capabilities to allow him to properly interpret visual
stimulus.

Also, the residual motor activity was such that
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it limited his access to only two switches.

Finally, the

subject would most likely need to use a communication device
for the rest of his life.
Available Systems
Three systems have been found that were specifically
designed for individuals with the particular needs,
abilities, and constraints of the subject.

All three

systems are microprocessor based and use a speech
synthesizer to compensate for visual disabilities.

Due to

the physical disabilities, the systems all make use of at
most two switches as the user interface.
were developed by Beukelman et al.

Two of the systems

(1984) at the Department

of Rehabilitative Medicine, University of Washington.

The

third system was developed by Jackson et al. (1983) at the
Department of Medical Physics, Grinsby Maternity Hospital,
Grinsby, UK.
System 1
The first system presented by Beukelman et al.

(1984)

was designed for a subject with an inoperable optic
glaucoma.

The slowly growing tumor initially affected the

subject's vision and subsequently his motor ability.
subject's hearing was within normal limits.

The

The subject

initially communicated using an oversized alphabet board.
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However, as the subject continued to deteriorate physically,
this method became unacceptable.
The subject demonstrated control over two pneumatic
switches, one in each hand.

The switches served as input to

a keyer which automatically translated Morse code into
orthographic English.

One of the bulbs was used to send

"dashes" and the other was used to send "dots".

Audio

feedback was provided by the computer in the form of a high
tone for a "dot" and a low tone for a "dash".

Characters

were delimited by pausing after sending a sequence.

The

speech synthesizer would then speak the character.
Several special codes were added to the normal set of
Morse code.

These codes were for a "cancel", "space",

"check", "set speed", and "write" options.

The "cancel"

code served as a backspace to correct mistakes.

The "check"

code permits reviewing a line before it is typed by spelling
out each character in the line.

The "check" code also

permits the subject to stop spelling at any time and to
correct mistakes.

The "set speed" code allows the user to

adjust the keying speed.

The "write" code activates the

printer.
After ten months of use the subject had mastered the
use of Morse code and was able to make active use of the
edit and review functions.

The main problem with the system
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reported was that it is only semi-portable, since it was
built around an Apple II computer.

The computer remained at

the sheltered workshop where the subject worked.
System 2
The second system designed by Beukelman et al. was
designed for a young man who sustained an extensive brain
injury in an automobile accident and also had a family
history of cortical blindness.

His only reliably controlled

movements were the abduction and adduction of his left thumb
and the simultaneous flexion of all the fingers of his right
hand.

He was supported, both laterally and anteriorly,

while seated in his wheelchair and his head was positioned
using a chin support and headrest.
Initially the subject had two modes of communication.
He had developed thumb signals to indicate yes and no.

More

complex messages were transmitted using a communication
partner and an auditory scanning approach.

For complex

messages his left hand was placed on his communication
partner's arm.

As the alphabet was spoken to him, he would

squeeze his partner when the correct letter was said.

The

alphabet was divided into four subsets (see table below).
The row numbers were spoken sequentially until one was
selected.

Then the individual column elements were read.
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z
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A Radio Shack TRS-80 system was built to replace the
partner driven communication system.

The system performed

almost exactly the same as the partner system.

A speech

synthesizer provided the feedback and a printed record could
be obtained.

A fifth row was also added to the table which

contained the options "speak", "print", and "clear".

The

program was loaded from a floppy disc by an attendant and
the scanning rate was set to be maximally efficient.

The

program would cycle through the rows three times looking for
a switch.

If no switch was activated the system stopped

scanning.

If a switch was activated, it would cycle through

each column twice looking for a switch.

If no switch was

activated, the system would go back to scanning row numbers.
In practice sessions and in direct conversation the
subject was able to use all aspects of the system.

However,

the system was not effective for longer independent writing.
The patient would often begin preparing a message, only to
be found sitting inactive.

This system, like the previously

mentioned system, lacked portability to make it a truly
functional system.
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system 3
The third system developed by Jackson et al.

(1983) was

designed for someone whose circumstances were very similar
to the present individual's.

The system was designed for an

18-year-old boy who, due to a tragic hospital accident, was
left paralyzed, without speech, and completely blind.

The

patient could perform small lateral head movements reliably
and his sense of hearing was unimpaired.

Several commercial

systems were tried which used a scan technique coded with
tones of different frequency.

These systems required a high

degree of memorization and concentration, and proved
ineffective.
The communication system that was developed is quite
commendable for its simplicity.

It uses two switches, one

on each side of the head, to take advantage of the lateral
head movement.

Pressing the first switch starts the

following cycle to be spoken through a speech synthesizer:
11

STOP/CHECK/CANCEL/A/B/ .../Y/Z/0/1/.../8/9/".

By holding switch one down each word would be said only
once.
times.

Releasing the switch causes each word to be said five
Selection of a particular word is made by using the

second switch.

This allows the person to approach a

selection rapidly and then slow down so that he may make the
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selection.

Selections are built up into a buffer and can be

reviewed by using the "check" option.
erases the whole word.

The "cancel" option

The option to "stop" causes the word

to be printed and clears the buffer.
The patient was able to master the system after only a
few minutes of practice.

The ease at which the system was

learned must be credited to the simple, but effective,
program structure.

The system is limited in its speed of

access to a particular letter and in its available
functions.

However, this is a constraint of the simplicity

of the system.
Ideal System
The three systems mentioned earlier could conceivably
work for the present subject.

The first system which used

the two switch version of Morse Code would require a high
degree of memorization and concentration.
subject was reported to lack these skills.

Upon testing, the
All three

systems lack a means for the patient to rapidly communicate
his daily needs.

If he needs to communicate the fact that

he needs to go to the bathroom, just typing out the word
"toilet" may take too long.

Another thing lacking in these

systems is a means of readily answering "yes" and "no"
questions.

Answering these questions will be the primary

means of communication.

A final deficiency of the

16

previously mentioned systems is portability.

Because of all

of these needs it is felt that there is a significant
justification for designing another system that will allow
the subject to communicate with all the abilities of a
comprehensive communicator.
Basic System Features
In order to create an ideal communication system an
understanding of the basic design components of an ACA must
be known.

These components are: Input device, Output

device, Prompting device, and Selection algorithm (Buhr and
Holte 1981).

These are the minimum components necessary for

any functional communication device (see Figure 1).

Input Device
The input device is an actual physical connection
between the user and the augmentative communication aid
(such as a mouse, joystick, single switch, etc.).
important aspect of input devices

One

is that the speed of

communication increases exponentially with the increase of
the number of usable switches (Swiffin, et al., 1987).

The

system was designed so that the subject could utilize two
switches one on the left and one on the right side of his
head.

17
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Basic System Features
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Output Device
The output device is the means by which the user
transmits information to a communication partner.

There are

two types of output devices transient (e.g., a c.r.t screen
or a speech synthesizer) and permanent output (such as a
printer).

The ACA created only made use of transient output

with the use of a speech synthesizer as the primary means.

Prompting device
The prompting device is the means by which the computer
reminds the user what current choices are available for
selection and how to make them.

There are three primary

means of prompting: visual, auditory, and tactile.
The preferred method of prompting for augmentative
communication systems is visual.

Visual prompting allows an

individual to typically process information in a parallel
fashion (i.e., several pieces simultaneously).

The user may

have the ability to locate a desired target in advance and
be able to anticipate the next response.
Auditory prompting is another method.

It is limited in

that information has to be presented in a serial fashion.
However, auditory feedback is a good method
feedback that a selection has been made.

of providing
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Tactile prompting provides the least amount of
information, usually requires the highest cognitive skill
and, like visual prompting, it presents material in a serial
fashion.

However, in spite of its limitations, in some

circumstances it is the most appropriate method, e.g., for
the deaf blind individual.
Auditory prompting is the primary method of prompting
used by the ACA developed.

Visual prompts are displayed on

the screen, but are unavailable to the subject due to his
visual impairments.

A multimodal system using auditory and

tactile prompting could conceivably have been utilized.
However, it was not felt that it was necessary to use two
methods of prompting to create an ACA to allow the
individual to be a comprehensive communicator.

Selection algorithm
One of the most important design consideration of any
system is the selection algorithm.

This is the manner in

which a user is allowed to make a selection.

It is crucial

because it has the greatest impact on speed of
communication.

There are three primary selection algorithms

for communication aids: direct selection, scanning, and
encoding.

For the purpose of this work selection algorithm

will be referred to as method of access.
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Of the three methods of access, direct selection is the
fastest.

The clearest example of direct selection is the

typewriter keyboard.
printed.

Typing the letter "K" causes a K to be

It is important to note that, although this method

is usually the fastest, it generally requires more fine
motor control than the other methods of access.

However,

with the capabilities of the subject being limited to two
switches, the vocabulary of a direct access system is
limited to two words.

This is not a particularly useful

system unless the two words are "Yes" and

"No".

A direct

selection of yes and no responses may be a very appropriate
system for a very severely impaired individual (Owens and
House, 1984).

This limited system would certainly not

fulfill the needs of a comprehensive communicator, but the
importance of ready access to "Yes" and "No" responses is a
primary system design consideration.
Scanning is the second method of access.

As an example

of scanning, in order to access a letter of the alphabet,
the computer would step through each letter of the alphabet
starting with "A" and then pause at each letter to allow the
person to respond.

Unfortunately, this method is very slow

and the user is at the mercy of the system.

However,

methods are being used to increase the speed of scanning.
There are rate enhanced scans in which the individual
approaches a desired selection quickly, and then slows down
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to make the actual selection (Jackson et al., 1983).

Row

column scans also greatly increase speed {Sprague and
Sprague, 1983; Beukelman et al., 1984).

Row-column scans

allow a user to first select a row of choices and then step
through the individual items in that row in order to make a
selection.
According to Heckathorne et al. (1987) there are two
basic methods of utilizing a scan.
scanning.

These are auto and step

In auto scanning the communication device

controls the pace of the scan once it has been set.

The

device automatically steps through the choices and the user
makes a selection by activating a switch once the
appropriate selection is reached.

In step scanning, which

usually involves two switches, the user controls the rate of
the scan.

One switch is used to make the device advance to

the next item and the other switch is used to make a
selection.

Step scans involve more motor control than auto

scanning, but it also gives the user more control over
his/her environment (Buhr and Holt, 1981).
Because the subject used only two switches and auditory
prompting was the only prompting method being utilized this
placed cognitive limits on how scans could be used.

Miller

(1956) studied the effect of absolute judgment and span of
immediate auditory memory.

He determined that the number of

variables which can be interpreted is usually 7 for both of
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these factors.

Because of this, auditory prompting of

selections should usually not contain more than six or seven
uniqu� items and a total of no more than eight items in any
one presentation.

If greater numbers are used, access

becomes too cumbersome and difficult.

This places some

direct limits on the use of auditory scans, which was one of
the methods utilized.

Scans could not be more than

approximately seven unique items.

Matrices, which were not

utilized, could not be reasonably more than six by six
otherwise the subject would presumably become confused.
A further design limitation was placed on scanning
presentations.

Because the subject was able to access

linear scans but demonstrated confusion when trying to use
matrices, all scans were made linear to facilitate
comprehension.
Coding is the final method of access which can be
utilized.

However, codes are extremely difficult for the

unsighted population to learn.

The individual, when

evaluated, had demonstrated difficulty in learning codes.
Beukelman et. al.

(1985) reported a case study of an

individual, who also fit into the targeted population, in
which they were unsuccessful at teaching Morse code.

The

code, as previously stated, should be a two switch code to
decrease motor requirements and increase efficiency.

A

method for teaching the coding scheme needed to be built
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into the system and immediate access to the coding scheme
was desirable.
For individual with physical impairment who are
limited to two switches, either the speed of communication
or the vocabulary they can communicate with is also limited.
Codes can allow both of these to be increased.

However,

codes are not the usual means of communication and are not
readily accessible to a disabled individual. Furthermore,
the chance of rejection of the system by the user is very
high.

Codes also normally require a great deal of motor

skill in order to be able to execute the required sequences.
Coding systems usually give faster access to letters of
the alphabet than scanning.

Morse code is the most popular

coding scheme used (Beukelman et al., 1984

Levine et al.,

1986), but other schemes such as binary code (Sprauge and
Sprauge, 1983) have also been used to access letters.
The reason for using codes is that they can be an
extremely fast way to access information.

Levine et al.

(1986) indicated that Morse code rates for the production of
letters of disabled individuals may approach the rate of
direct selection using a mouthstick once the user has
mastered the code.
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Although coding systems can be used to represent
vocabularies, this method is very difficult for the subject
because he lacks visual feedback.

With selections of

letters of the alphabet there is a fixed set of 26 codes
which need to be memorized.

However, with vocabularies the

number of codes required is not fixed and will change with
time.

Therefore, the ACA developed made use of codes for

production of the alphabet, but also allowed coding of whole
sentences based on two letter alphabetic codes.
In order to create a system to allow the subject to be
a comprehensive communicator all of the methods of access:
direct selection, scanning (auto only), and codes were
utilized and incorporated into different parts of the system
as appropriate.
Desirable Features
There are several features which are desired in any
microprocessor based communication system: immediate
success, error routines, growth, appropriateness,
flexibility, efficiency in communicating, low cost, and
portability.
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Immediate success
Immediate success is very important.

If a user cannot

use the device to some degree shortly after being initiated
to it, he/she may not be able to realize the benefit of the
system and will most likely reject it.

This was the most

important aspect in choosing a method of coding the alphabet
for access by the subject.
Error routines
Error routines are another feature which should be
built into the system.

There are three types of error

routines: system adjustment routines, error correction, and
error recovery (Buhr and Holt, 1981).
System adjustment procedures can be controlled by the
user or by the system itself.

These procedures typically

allow the rate at which material is presented to vary.

For

instance, some systems allow the user to set the scan rate
or, if the system detects too many errors, it may
automatically slow down the scan rate.
Error correction procedures are the second type of
error routine.

They allow the user access to word

processing capabilities such as deleting letters and words.
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Error recovery procedures are the most basic method of
correcting immediate errors.

There are three methods of

error recovery which are usually given to the user.
The first method is through the selection of a 'back
space' symbol which deletes the last symbol selected.

This

strategy has a weakness in that, if the user selects a wrong
path, he/she usually must continue down the wrong path and
make a wrong selection before it is possible to select the
'backspace' symbol to delete it.
The next method of recovery is called "direct reset".
In this method, the user has access to an error recovery
routine at any time.

Utilizing this method causes the

computer to immediately go back to the preceding process and
undo the current one.

This has the advantage that the user

can recover immediately from an error, but is much more
costly in development and usually requires another switch.
Indirect reset is the final error recovery strategy.
This method makes a reset switch available at all times, but
it is usually not immediately accessible.

It typically

functions to reset the user back to the very beginning of
the procedure so he/she can start over (Buhr and Holt,
1981)
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The ACA developed

incorporated system adjustment,

error correction, and the use of a "backspace key" and
indirect reset for error recovery.

Growth
Another desirable feature for any system is to have
mechanisms for growth built into it.

A user will eventually

become proficient with the use of his/her system.

Having

the ability to add additional features to the system will
enhance a user's ability to communicate.

Growth was built

into the ACA developed by the use of modular programming
techniques.

This style of programming allows the different

features of the system to easily be changed or added to and
it makes each feature a tool which can be placed as needed.

Appropriateness
All systems should be appropriate for the user.

The

clearest way to explain this feature is to give examples
which are inappropriate.

One obvious example is a female

using a communication aid that has a male voice.

Another

example would be an adult user in a work setting with a
fixed vocabulary consisting of words such as "movies",
"ball", "T.V. 11

etc..., which have no applicability to a

work environment.

The ACA created uses an appropriate male
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voice and allows the subject ready access to expressing his
daily needs.

Flexibility
Systems should be flexible and allow the user to
communicate in as many different environments as possible
and should be able to adapt to the user's needs (social,
work, home, ...etc.).

Efficiency
The user should be able to communicate in the most
efficient manner possible.

The rate at which messages are

produced is the greatest handicap in using any system.
Although there are many methods to increase the rate of
communication, most of the modern enhancement features are
based on linguistic information.

The enhancement features

will be reviewed in subsequent sections.

Low cost and Portability
Low cost is a feature which should be built ·into any
system.

If possible, off-the-shelf components should be

used where feasible.

Systems should also be portable

whenever it is feasible.

An individual's need to

communicate is certainly not limited to one place.
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In order it insure low cost and portability the ACA was
built around a laptop computer, it runs off of a single
diskette, and it utilizes an inexpensive speech synthesizer
which plugs directly into the parallel printer port.
Enhancement Features
Vanderheiden (1985) reported that typical communication
rates for individuals using alternative input techniques to
substitute for direct selection of a key board are six words
per minute or less.

This does not begin to approach the

communication rate of 126 to 172 words per minute of the
average adult (Perkins 1971) or the average typing speed of
50 words per minute.

To increase the rate of a user's

communication several methods have been created with many of
the more advanced incorporating linguistic information.

Letter Frequency
Morse code is an example of an enhanced coding scheme.
It is a coding system based on dots, dashes, and white
spaces to represent characters (figure 2).

The code is

based on the frequency of normal letter usage and requires
the least number of actions for the most frequently used
letters.

The letters "t" and "e" are the most frequently
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A. B- ...
C- . - .
D-..

N-.
0- --

1 .---2 - -3 ...
4 .... 5 .....
6 - ... .
7 ...
8 -- - . .
9----.
0 --- - -

P . -- .

Q--.A. -.

E.

s ...

F ..-.
G--.
H....
I ..
J . - -K-. L. - ..
M--

TU ..V ... -

w. - -

X- . .y -.-Z- - . .

PERIOD.-. -.SEMICOLON -.-.-.
COMMA-- .. -
APOSTROPHE. ----.
HYPHEN -....Figure 2

Additional Codes:
SPACE BAR..- CARRIAG E RETURN .-.·
BACK-SLASH - .-. Morse Code
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used letters, and the both

require a single action as

opposed to "q" which requires five actions.
Heckathorne et al. (1987) have also used the knowledge
of the frequency of letter usage to increase the
effectiveness of row column scans by changing the order of
the scan from the 5 by 6 alphabetical array (figure 3a) to
the frequency based matrix (figure 3b).

They reported a

reduction in the number of switch activation using step
scanning, from 6.13 to 4.42 activations per letter.

They

also found that a further reduction, down to 3.73 switch
activations per letter, could be achieved by dynamically
rearranging the array after each letter.

The new arrays

reflected the most frequently used letters to follow the
last letter typed.
An interesting application of the frequency of letter
usage has also been used by Fouls et al. (1987) to guess the
next letter to be typed from a set of three which correspond
to the same key.

They were able to achieve a rate of 1.11

key strokes per letter using a key pad with only 11 keys as
opposed to the necessary 26 keys for the alphabet.
Keystroke Savings
English spelling is highly redundant and many more
letters are used for a word then is strictly necessary to

32

A

B

C

F

G

H

K

L

M

N

0

p

Q

R

s

T

u

V

w

X

y

D

E
J

z

Figure 3a

5 x 6 Alphabetically based array
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5 x 6 Frequency based array
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distinguish words.

Damper (1986) uses what he calls

"shortforms", which are abbreviated forms of words, and he
allows for up to 2000 of these.

This is a unique system in

that the number of words is so large.
Alternatively whole sentences could be coded instead of
words.

As an example, "MN" could be coded as "My name is

John Smith".

This method can cause a substantial key

savings, but can only have a limited role in the needs of a
comprehensive communicator.

It can, however, meet the needs

of topic selection, communicating daily needs, and
conversational control phrases.
Light et al.

(1988) studied the three methods of

encoding sentences: salient, which uses the first letters of
key words, such as the previous example of "MN''; letter
categories based on the first letter of a category and a
specifier, such as "M" for months and then "MJ" for
"January" and "MF" for "February"; and semantic codes based
on pictures, an example of which is a picture of a
lightening bolt and another of a knife and fork standing for
"I would like to go to a fast food joint".

They found that

subjects were significantly more effective at recalling
salient codes than either of the other two methods.
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Anticipation Schemes
By using linguistic stratagies letter production can be
reduced by the use of word anticipation.

In this approach,

the individual begins typing the word and the device tries
to finish the word for the individual based upon a built in
dictionary.

Originally, the dictionaries contained a core

vocabulary of the most frequently used words from English
text and were presented either alphabetically or according
to their frequency of use.

Unfortunately, the most

frequently used words in English text did not contain items
such as proper names which the individual might frequently
use.

To make up for this deficiency, a dynamic element was

added which contained user specific words to supplement the
core dictionary.

By adding the dynamic element, Gibler and

Childress (1983) were able to measure a significant savings
in keystrokes.

Although there is a continued increase, the

benefit becomes less and less significant after the
dictionary contains 750 words.
Although a very large dictionary would result in a
significant savings in keystrokes, the time taken to examine
all the possible words would outweigh the benefit derived
from the key savings.

To estimate the place where the trade

off between the time spent examining the words and the
number of keystrokes, Gibler and Childress (1982) developed
a simulation based on unskilled task measurements of visual
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search time and switch activation speeds.

Using these

measurements, a simulation was run which predicted the
benefit of using the adaptive core dictionary of various
sizes, without a dynamic element, on the production of three
different texts based on these human performance
characteristics.
study.
effect.

Two important results came from this

The first is that the particular text chosen has an
Secondly, increasing the dictionary does not

necessarily increase efficiency because of the increased
search time.

Gibler and Childress suggest that the optimum

size of a dictionary may be less than a thousand words.
Heckathorne et al.

(1987), in examining the frequency

of use of the words in the dynamic element, reported that
some of the user added words began to take on the
characteristic of the core words because of their high
usage.

Because of this fact, they went on to implement a

totally dynamic dictionary in which all words were user
added.

This has also been done by Swiffin et al. (1987) who

made a further enhancement in presenting words, they give a
higher weighting to newly added words, since a word recently
added is likely to occur again in the near future.
A final approach that will be briefly examined is the
use of gramatic information.

Although it is currently not a

feasible method, it holds great promise.

Swiffin et al.

(1987) examined the effectiveness of a perfect grammar based
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system.

They placed each word of a selected text into one

of ten grammatical classes.

The grammatical classes they

used were verb, noun, adjective, adverb, pronoun,
preposition, conjunction, article, adverb, determiner, and
proper name.
twice.

They then ran the words through a simulation

The first time was used to fill the dynamic

dictionary with the current text in order to have an optimum
dictionary.

The second time was used to test the effect of

an optimum dictionary and a grammar based system.

They

found a key savings of 72%, which approached their
calculated theoretical optimum key savings of 82% using
their system.
Perfect grammar based system using grammatically
correct sentences may be unrealistic.

Individuals that are

forced to communicate at much slower speeds may not use
grammatically correct, or complete, sentences and the rules
by which ACA users communicate with able-bodied users may be
completely different than normal speech (Editorial in The
American Journal of Occupational Therapy, 1987).
In order to enhance the subjects rate of communication
and to allow him to communicate efficiently as a
comprehensive communicator as many as possible of the
enhancement features were added to the system.

Letter

frequency was examined to increase the speed of coding and
as a possible aid to word anticipation.

Key stroke savings
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is accomplished by allowing the subject to access coded
sentences.

Word anticipation is available utilizing a

totally dynamic dictionary of 500 words.

However gramatic

prediction is not utilized in the ACA developed.
The communication system has the following features:
direct selection of "Yes" and "No" responses, scanning
selection of phrases of daily needs, a tree structure which
numerically encodes selection of letters of the alphabet,
scanning access within the tree structure to numerals and
punctuation, access to two letter coded sentences for topic
selection and conversational control, access to a dynamic
dictionary that learns the users vocabulary, and reviewing
and correcting options.

CHAPTER II

METHODS

Assessment
In prescribing an existing augmentative communication
device, or to create a new one, the individual has to have
his/her skills and abilities assessed with a prognosis made
for recovery including the potential ability to function in
the daily situations they will encounter (Coleman et. al.
1980).

The subject of this study was examined, and an

augmentative communication system was developed based on his
special needs but was not tested due to medical decline.
Subject History
The patient, a 17-year-old male from a lower middle
income family, became cortically blind, he lost the ability
to speak, and lost most of his motor control due to
asphyxiation as a complication of surgery.

Prior to the

asphixiation he was enrolled as a junior in high school.
There were no reports of any learning disabilities, visual
difficulties, auditory deficits, or physical problems.
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He
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was descibed as an average to slightly below average
student.
Subject's Anatomical Function
The patient's motor control was very limited.

He had

to be supported while in his manual wheelchair to be able to
sit.

His head was also supported, although he did have some

control and can turn it from left to right.

He had very

small motor movement in his right hand and was able to make
the most controlled motor movements with his right leg.
With his right leg he had the ability to pick up his foot
and move it over and onto a buzzer placed next to his foot
while sitting in his wheelchair.
activity once every 45 seconds.

He accomplished this
However, he had been

developing progressive spasticity in both his legs.
Subject's Sensory Function
The subject is cortically blind as reported by his
physician.

However, no impairment in the patient's hearing

has been reported based on his response to pure tones.
Subject's Communicationn
At the time of device development, the subject could
make a sound similar to the word "yaah".

However, according
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to the speech therapist, he lacked the motor control for
even simple speech and it was not projected to he will
develop it in the near future.
Subject's Language Skills
According to his psychologist, it appears that the
subject still retained a fair degree of his cognitive
abilities.

However, the subject's responses to complex

questions were at times inconsistent.

He was able to

understand simple speech, and he smiled at things he
enjoyed.

Additionally, some behavioral problems had been

reported during therapy sessions.

The subject would refuse

to work when ever tasks became too difficult.
The patient was evaluated on the use of auditory
scanning techniques.

He was able to successfully access a

linear auditory scan of vocabulary words.

The patient was

also evaluated on the use of a matrix of vocabulary words,
but demonstrated some confusion and did not comprehend how
to make corrections when a wrong path was chosen.
A coding system which required the patient to recognize
a sequence of tones was also briefly attempted, but it was
quickly abandoned because of lack of success and frustration
on the part of the patient, which was manifested as
behavioral problems by his refusal to work and groaning.
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No standardized testing was reported on the subject.
Because of the subject's multiple impairments it was felt
that it would be inappropriate at this time to use
standardized tests.

At this acute stage of the subject's

recovery primary emphasis was to be placed on developing
some sort of augmented communication.

The neccessity of

developing augmented communication skills for multiply
impaired brain injured subjects is supported in an article
by DeRuyter and Donghue (1989).

After successful

performance with the communication system standardized
testing would then take place.
Subject's Environment
The patient's daily activities consist of activities
such as speech, physical, and recreational therapies.
was also working on a toileting goal.

He

These activities took

place at various sites throughout the hospital.

To get to

these activities, he was placed from his hospital bed to his
wheelchair.

The majority of his day was spent in either his

wheelchair or his bed.

The patient had very little control

of his environment and his interactions were very limited.
It was hoped that the communication device would overcome
this barrier.

Additionally, he greatly enjoys listening to

music and going home on the weekends.
approved to become an out patient.

He had also been

This means he would only
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be in the hospital three days a week and at home the rest of
the week.
Evaluation
Most of the commercially available systems for
Systems

augmentative communication rely on visual feedback.

which are designed for the visually disabled almost always
require good motor control.
neither of these.

The subject of this study had

There is a definite need for a

communication device that will address the needs of this
subject as well as those with similar disabilities.
Owens and House (1984) developed a simple decision
making tree to determine the most appropriate type of
augmentative communication system.
involves three matrices.

The decision process

These matrices help to determine

the appropriateness, type, and mode of communication system.
The first matrix was used to determine the
appropriateness of an

augmentative communication system.

The matrix suggests, in the case of this subject, the use of
an ACA.

The individual patient had the cognitive, social,

and receptive skills necessary for communication.

However,

he lacked the motor skills necessary for spontaneous words,
imitation of single words, or imitation of sounds or oral
movements.

Furthermore, he was presently at risk of being

43

severely language-impaired due to his physical disabilities.
A final concern addressed in the first matrix was whether
the environment would be receptive to an augmentative
communication system.

Both the subject's family and

therapists were willing to participate.
The second matrix involved the choice of the proper
type of ACA and includes manual systems, communication
boards, or electronic devices.

Due to the patient's lack of

physical dexterity and lack of pointing skills the matrix.
recommends either a yes/no type (manual indicating) or an
electronic communication system, depending on purpose of the
system.
The third matrix involved choosing the appropriate mode
of communication.

It presented a hierarchy of visual and

manual communication modes.

This matrix was deficient in

that the electronic systems rely on visual feedback.

The

authors however, suggested that the client use the highest
possible coding system accessible.

If possible, a

communication system should build on an individuals current
skills.

The patient was presently using the left to right

motion of his head to communicate yes and no responses.
Although the use of codes was not initially successful,
codes are justified and advised since the subject could at
the time meet the following criteria: he had the effective
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and controlled use of two or more switches, and he had shown
some ability to learn the sequences.

Although a one switch

code such as Morse Code could be used, the criteria for the
use of at least two switches has been put forth.

A single

switch code would require too much fine motor control, and
the chance of rejection would be extremely high.
Furthermore, the speed of communication increases with the
number of switches and the goal was the most efficient
system possible.
Operational Definitions
The hypothesis of this study is that an augmentative
communication aid (ACA) can be created that will allow a
visually, physically, and speech impaired individual to
communicate as a comprehensive communicator.
ACA is defined, for this study, as a microprocessor
based device that helps the subject utilize his remaining
functional capabilities to communicate with others.
Allow means that the subject will have demonstrated the
capacity to successfully utilize the components of the ACA.
Success is defined as being able to perform an activity
requested 8 out of 10 times under voluntary control.
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Visually impaired is operationally defined as having no
ability to interpret visual stimulus.
Physically impaired is operationally defined as being
limited to only be able to successfully activate two
switches, with successfully being defined as above.
Speech impaired is defined as someone who lacks the
ability to produce words verbally, but has intact semantic
and pragmatic language skills.
Semantic language skills are a knowledge and
understanding of words and how they are formed.
Pragmatic language skills are the ability to use words
to convey a meaning which is appropriate to the situation
and is understandable by the intended audience.
A comprehensive communicator is defined as someone who
has the ability to get someone's attention, choose a topic
of conversation, make yes and no responses, indicate
immediate needs, a method of conversation control, and the
ability to convey both standard an original messages.
System Design
According to Beukelman and Garret (1988), systems set
up for comprehensive communicators are typically multimodal.
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By "multimodal" they were referring to capitalizing on an
individual's residual skills and using the individual's
natural speech, ability to gesture, and possibly using
several different types of communication devices.

For the

subject the only readily apparent mode of communicating is
through the residual motor activity.

Therefore, the system

will have to make use of as many different types of
communications systems as possible.

For the subject, the

manner chosen to provide a multimodal system is by
incorporating different methods of access (selection
algorithms) into the system.
It is a premise of this research that the only way to
create an efficient communication system is to use the most
appropriate method of access for the different tasks.
However, there is no augmentative communication aid which
incorporates different selection methods for different tasks
that would meet the needs of the targeted population.
Several presently available systems could be used by the
subject.

However, the present research is an attempt to

provide a severely impaired subject with the most efficient
means of communication possible and the ability to be a
comprehensive communicator.
the existing technology.

This is not available within
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System Features
The communication system has the following features:
direct selection of "Yes" and "No" responses, scanning
selection of phrases of daily needs, a tree structure which
numerically encodes selection of letters of the alphabet,
scanning access within the tree structure to numerals and
punctuation, access to two letter coded sentences for topic
selection and conversational control, access to a dynamic
dictionary that learns the users vocabulary, and reviewing
and correcting options.

Not included in the system is

letter prediction based on the dynamic dictionary, which is
examined in the next section.
To access all these features, use will be made of the
five possible actions of the two switches.

The actions are

closing switch one, closing switch two, holding switch one,
holding switch two, and not activating either switch.

Since

the switches will be placed on either side of the head they
will be referred to as a switch "left" and a switch "right".
Yes and No responses
The default process of the system will be direct
selection of "Yes" and "No" (figure 4).

A switch to the
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"right" will cause the computer to say ''YES" out loud.
the "left" will cause the computer to say "NO".

To

The ability

to make these responses as readily as possible was one of
the primary design considerations.
Expressing daily needs
To access the scan of daily phrases,
switch to the "right" will be held.
the word "YES" to be said.

(figure 5) the

This will first cause

This will allow a means of

getting someone's attention so that messages would not be
missed or not delivered.

The computer will then say "PLEASE

WAIT WHILE I MAKE A SELECTION" (figure 6).

It will not only

prompt the subject, but will also help him and the person
he/she is trying to communicate with turn-taking (pragmatic
skills).

Turn-taking is one of the biggest problems in

augmentative communication systems.

It usually takes the

communicatively impaired individual some time to prepare a
message.

The listener often jumps in and tries to guess or

finish the message for the individual.

This can be very

frustrating for an individual who is already communicatively
impaired (Buzolich and Wieman, 1988).
After the "PLEASE WAIT

" message the computer will

then cycle through the following list of words: Food, Drink,
Toilet, Music, Pain, and Exit (figure 6).

If the "right"
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switch is held down the computer will say each word in
succession.

If no switch is closed the computer will repeat

each word and pause after the second utterance (figure 7).
This pause will give the subject a chance to respond by
closing the "left" switch.

If the subject selected the word

"toilet'', the computer would then speak out loud "I HAVE TO
GO TO THE BATHROOM".

"Exit" is selected to get the subject

out of the scan and back to the default.
cycle through three times.

The scan will

If no response is made it will

automatically exit (figure 8).
Method of scanning
Every scan in the system is always entered by closing
the "right" switch.

Holding the switch down will cause the

words to be said just once.

Releasing the switch will cause

each word to be repeated and will incorporate a pause to
allow for a response.

"Exit" is always the last choice in

the scan and, if selected, will return the user to the
previous level.

If no response is made within three cycles

the computer will automatically exit.
Access to letters
To access the spelling option, the switch to the "left"
will be held (figure 5).
"NO" to be said.

This will initially cause the word

This will also allow a means of
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getting someone's attention.

The computer will then say

"PLEASE WAIT WHILE I SPELL" (figure 9).

Again, this will

assist the user and listener in turn-taking.
Spelling was chosen over word searching because it
offers an unlimited number of words.

For access to letters

of the alphabet a tree structure is used.
prompted by "A to O or P to Z".

The subject is

For example, if the subject

was trying to type the word "make" (see figure 10), he would
The

upon the first prompt close the switch to the left.
next choice offered would then be "A to G
would then close the "right" switch.

or

He

This would then be

broken down into "H to K or L to 0 11 , etc.,
selected.

H to O".

until an "M" was

Selection of any letter requires five switch

closures.
Error recovery routines
After the final letter selection is made the computer
will prompt the user with "Correct or Mistake" (figure 11).
Closing a switch "left", indicating correct, will cause the
computer to add the letter to a buffer.

Choosing "mistake"

will reset the prompt back to "A to O or P to Z".

This is

an example of error recovery using a "back space" or
"delete" key.
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The ability to make error-free communications is
crucial.

If a wrong path is chosen, at any time, all the

subject needs to do is stop (figure 12).

After a period of

time the system will ask him if he needs "More Time or
Mistake". If he selects More Time by going to the "left" the
computer will repeat the current step.

If he selects

"mistake'' or after a pause of twice the normal length, does
nothing the computer will back up to the top of the letter
selection.

A choice was made to provide the subject with

indirect recovery (providing a reset) as opposed to direct
recovery of backing up one step.

Since the system was

constrained to two switches both methods could not be
logically included.

Indirect error recovery was thought to

be more appropriate for the subject since he would always be
returning to the same place and it would be less confusing.
If a letter was correctly selected the computer would
then prompt the subject to "Continue or Speak".

If the

subject wanted to output the word he would choose the option
to "Speak".

If he wanted to continue to build up a word or

a sentence he would select "Continue".

60

Prompted encoding
The access to letters is presented as a tree structure
and it actually generates a numeric encoding.

Using the

switch closure "left" to be a binary o and a switch "right"
to be a binary 1, the binary code is typed out for each
letter.

The code is a five bit binary number in which the

bits are typed out from most to least significant.

For

example, a binary 00001, or "left,left,left,left,right" is
the code for a letter "A".

A binary 26 (11010), or

"right,right,left,right,left", is the code for a letter "Z".
The binary code corresponds to each letter's numerical
position in the alphabet.

The use of binary code is

transparent to the subject.

He is prompted at each step by

simple dichotomous choices.

However, once the subject

learns the coding scheme the prompts could be removed to
allow increased speed.
This method of coding is being termed "prompted
encoding".
codes.

It has many advantages over other types of

With prompted encoding the system is immediately

accessible to the subject, as long as the choices are
understood.

The subject does not have to memorize the codes

before he can make use of the system.

The system provides a

method of teaching the codes to the individual through
continued use.

Also, even if the subject could not progress
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to non-prompted encoding, he still has an efficient method
of generating letters.
Several special codes have been built into the system.
Typing a binary 00000, or ''left,left,left,left,left", is the
code for a space.

Typing the first three bits of a binary

28 (11100), or "right,right,right... ", causes a scan of the
numbers O through 9 to be entered.

Typing a binary 27

(11011}, or ''right,right,left,right,right", causes a scan of
punctuation to be entered.

This scan consists of "Period,

Question Mark, Semi Colon, Exclamation Point, Colon, Dash,
and Exit".

These two special scans are both entered by a

switch "right".
Coded Sentences

Normally, once two letters have been correctly selected
the computer prompts the subject to do one of two things:
select a coded sentence, if one exists for those two
letters, or to access a dictionary of words based on those
two letters (figure 13}.

If a coded sentence exists for

those two letters the subject is prompted with "Continue or
Code".

If "Code" is selected the two letters are replaced

by the coded sentence, which is then added to the buffer.
These coded sentences allow the subject to have ready access
to conversational control phrases.
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Dynamic dictionary
If either no coded sentence existed or "Continue" was
selected then the subject is prompted with "Continue or
Lookup" (figure 13).

"Continue" allows the subject to

continue building words.

If he selects "Lookup" by going to

the "right" then the system will enter a scan of words that
begin with those two letters.

For instance, if the letters

"M" and "A" were already typed, the scan might contain the
words: Make, May, Maybe, and Exit.

The subject could then

select one of these words by the usual manner in a scan.
The lookup table contains a 500 word fully dynamic
dictionary which contains the most frequently used words by
the subject that are three letters or greater in length.
The words are put in the scan according to their frequency
of use, with the most frequently used being presented first
(figure 14).

Up to six words are presented at a time.

If

there are more than six words, the additional words can be
accessed by selecting the choice "MORE", which is
automatically added to the scan.

The option "MORE" is only

added if there are more than six words.

It would then be

the seventh choice in the scan and "Exit" would be the
eighth.

Eighth items was set as the absolute maximum in a

scan, and two of the items are common to this type of scan.
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Error correction routines
After three letters or more have been selected for the
current word, the subject will be prompted with "Continue or
Review".

If "review" is selected by a switch "right" a scan

will be entered which spells out, letter by letter, the
buffer that is being built.

Special characters such as
The

spaces and punctuation are also spoken by their names.
last item in the scan, as always, is "Exit".

If a letter is

selected during the scan the subject will be prompted with
"Insert or Delete".
be deleted.

If "Delete" is selected the letter will

If "Insert" is selected the subject will be

able to select out a letter using the normal selection
process and place it in front of the current letter.

After

either of these two options, the subject is returned to the
letter by letter scan.

This method gives the subject access

to error correction procedures.
Additional features
Features that will be built into the system are
portability, an intelligible voice, visual and auditory
feedback for use by the facilitator, scan rate modification
for system adjustment error correction, and reasonable cost.
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Possible use of Letter Prediction
The use of an adaptive dictionary to predict the next
letter to be typed has not been reported in the literature.
Letter prediction based on a study of linguistics has been
reported earlier under enhancement features.

The

effectiveness of using the dictionary to do this will be
examined.

By assuming that the desired word is in the

dictionary, the next letter will be predicted based on the
cumulative frequency of use of the possible letter
sequences.

For example, suppose the dictionary contained

the following words:
WORDS

---------

bad

15

bath

23

battle

5

beach

45

between

13

butter

24

FREQUENCY

If the first letter typed was a "b", the dictionary would
predict the letter "e" would be the next letter since there
are two words whose second letter is "e", and their combined
frequency of use (58) is the highest.

If the dictionary

contained only these words and the next letter typed after
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"b" was a "Y" then the dictionary would predict a space,
since there are no possible words in the dictionary.
This new feature could be added to the communication
system at the point right after a letter has been selected.
After the first letter is selected, the subject would be
prompted with "Continue or Select (the predicted second
letter)".

Furthermore, after two or more letters are

selected the prompt will change to "Continue or Select
(predicted next letter)

Lookup".

In order for the

individual to select a letter he would have to make a switch
to the right and then back to the left.

"Lookup" would

still be accessible by holding the switch to the right
closed and entering the rate enhanced scan, with the
addition of a delay to ensure the switch is held.

If two

letters are already selected, and the next predicted letter
is correct, selecting the predicted letter would greatly
reduce the number of possible words in the dictionary, since
the word being built would now have three letters.
Another possible way to increase the efficiency of
letter prediction is to force the subject to select the
predicted next letter if it is correct.

If the predicted

letter is incorrect, and therefore not selected, all the
words that have the predicted next as their next letter
would be eliminated from the scan of possible words.

In the

previous example, the letter "b" was typed and the computer
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would then prompt the user to "Continue or Select E
Lookup".

If "e" was not selected and "Lookup" was selected

the computer would then present only the words

II

butter,

bath, bad, battle " based on their frequency of use.

In

this example two words were eliminated which demonstrates
that there could be a significant savings.
Program Specifics
A prototype communication aid was developed using Turbo
C as the development tool.

Speech output was provided by

using the "Speech Thing" sold by Covox Inc.

The manual for

the "Speech Thing" provides the code for accessing the text
to speech capabilities from a "C" program.

The device was

developed on the IBM PC , but the intended destination is a
portable laptop computer.

The code for the program is

included in the appendix.
The executable version of the program makes use of two
external files.
"dict.dat''.

These files are called "codes.dat" and

These are ASCII data files which contain the

coded sentences and the words for the dynamic dictionary
respectively.

These files were purposely left accessible

for two reasons.

The first is to allow the files to be

modified easily using a standard word processor.

The second

reason is to provide an avenue for further studies on a
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subject's frequency of word usage for evaluating both the
device and the speed of communication users.
Dynamic Allocation
A computer's memory is typically organized into three
sections: the program segment, the heap, and the stack.

The

program segment contains the actual version of your code
that runs.

The last segment is called the stack and this

area is used primarily by the computer to store information
which it needs.

The segment in the middle is called th�

The heap is an area which is used on a sort of "as

heap.

needed" basis.

It is available for storage to both the user

and the computer.
When the dictionary and the codes are read from the
data files it is dynamically allocated space in the heap for
its storage.

Dynamic allocation is a process by which space

for needed information is requested by the program while it
is running and it is made accessible for use, if it is
available.

This is opposed to fixed allocation of

variables, where the programmer specifically asks that the
computer set aside pre-defined space before the program
begins.

Two functions were utilized to dynamically allocate

the information to memory.

Malloc() finds a place in memory

to store information and sets that space aside, and free(),
which allows the space to be reused.
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The primary advantage of using dynamic allocation is
that the programmer does not have to know the size of the
information because malloc() takes the responsibility of
finding enough room.

It also lends itself well to being

utilized in linked lists, which will be explained shortly.
Another benefit is that the amount of storage can be cut
down.
The dictionary utilized by the system is a dynamic
dictionary.

New words are added and words that infrequently

used are removed.

If fixed storage were to be used as

opposed to dynamic allocation, space would have to be
requested ahead of time for each word.

However, the size of

words varies greatly and, because of the dynamic nature, the
same size space must be set aside that will either fit
possible word or large words must be truncated.

Gibler and

Childress (1983) allowed words to be a maximum of ten
characters long in their core dictionary.
of the 1000 most frequently used words.

This truncated 40
However, it should

be noted that each word, regardless of its length has ten
spaces allotted to it which cannot be used elsewhere.

Linked Lists
A linked list is a practical means of connecting items
together.

The items are arranged by some scheme, usually

71

alphabetically, and are connected or linked together by a
pointer.

Because of the connection linked lists are very

easy to add to, delete from, and to search through.

There

are two types of linked lists which are utilized in the
device: singly linked and doubly linked lists.
Singly linked lists allow items to be accessed in only
one direction.
sentences.

They are used for the storage of the coded

The two letter codes are sorted alphabetically,

with their corresponding sentences arranged in the same
order.

To search for a code the codes are searched from the

very beginning until either a word is found, the code is
known not to be in the list, or it is the end of the list.
Doubly linked lists allow searching both forward and
backward by having a pointer to both the item that comes
before the present item in the sequences and a pointer to
the item that comes after the present item.
makes use of a doubly linked list.

The dictionary

The words are first

sorted alphabetically together with their associated
frequency of use.

As a word is being typed the dictionary

searches to find the beginning and the end of the possible
words in the forward direction.

Once the last possible word

is found, the words are then stepped through backwards and a
new list of words is created based on each words frequency
of usage.
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Both linked lists were enhanced to include a set of
initial letter pointers.

Instead of being to required to

start at the very beginning of the list, the initial letter
pointers allow the user to begin at the place in the list
that starts with the first letter of the code or word being
typed.

This scheme significantly improved the search time.

As an example, if the user had typed in the letters "RE",
instead of searching the dictionary starting with all the
words that start with the letter "A", then "B", then
"C'', ...etc., the enhanced initial pointer immediately starts
searching words that begin with "R".

Structures
The information for the coded sentences and the
adaptive dictionary are stored in what are called
"structures".
defines.

A structure is a variable that the programmer

The items in the structure usually have some

common bond that groups them.

The structure used for the

dictionary is:
struct dictionary
{
char *start;
int recent;
int freq;
int before;
int next;
};
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The first line of this example defines a programmer-defined
data type called "dictionary".

The braces define the

beginning and end of the information that is being grouped
together.

The first variable "*start" is used to store the

dynamically allocated position of the actual word placed in
the heap.

The second variable "recent" keeps track of how

many new words have been added since the current one.

The

variable "freq" keeps a cumulative count of how many times
the current word has been used.

The variable "before" and

"next" contain array elements for the words that come before
and after this current word.

These variables are the links

for the doubly linked lists.

Typically, these are pointers.

However, a choice was made to use fixed allocation for the
structures associated with each word in the dictionary since
the number of words in the dictionary is fixed.
It is important to note that the dictionary contains
only words that are three letters in length or longer.

This

choice was made because the system does not allow access to
words in the dictionary until after two letters have been
typed.
Testing
To test the hypothesis of this study that an ACA can be
created that will allow the subject to communicate as a
comprehensive communicator.

A treatment protocol was
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established.

The protocol broke down use of the ACA into

discrete tasks with criteria for success (as operationally
defined) for each task.

The subject needed to be successful

at the previous tasks before he proceeded to the next task.
The method of training each task to the subject was
left to the discretion of the speech therapist who worked
directly with the subject and was not to be necessarily
reported.

The therapist was to record the level of success

with each task numerically and add a subjective statement
about the subject's ability to perform each task.
Additionally, any spontaneous pragmatic usage of the ACA was
to be reported subjectively by the therapist.

Although

pragmatic usage of the system is the final aim of any ACA,
the present hypothesis is that an ACA can be created to
allow the subject to be a comprehensive communicator and not
that they would become one.
ability to use the ACA.

Allow was defined as the

Hence, this is the reason

spontaneous pragmatic usage is only reported subjectively.
Tasks

Each task was specified as follows with a corresponding
criteria which had to be successfully performed.

Success

was operationally defined as the ability to perform the
selected criteria for each task correctly eight out of ten
times.

The sequence of tasks was chosen based on utility.

75

1)

Yes and No responses
criteria: Ability to successfully answer a set of ten
"yes" and "no" questions developed by the subject's
speech therapist.

2)

Accessing daily phrases
criteria: Upon request entering the daily phrases.

2a) Select an individual item
criteria: Upon request selecting the appropriate item
specified by the therapist.
2b) Use of rate enhancement
criteria: Upon request using rate enhancement to go
through the items quickly and to then slow down when a
specified item is heard.
2c) Exit properly from a scan
criteria: The subject will select exit when specified.
2d) Exit by doing nothing
criteria: The subject will upon request allow the scan
to cycle through three times without making a
selection.
3)

Access spelling
criteria: Upon request the subject will enter spelling.

3a) select an individual letter
criteria: The subject will use the prompts to select a
specified letter.
3b) Utilize indirect recovery
criteria: During letter selection the subject will be
told to stop making a selection and then when prompted
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by the ACA will select either "More time" or "Mistake"
as specified by the therapist.
3c) The user will delete the last letter
criteria: After selecting a letter the user will select
"Mistake" when specified.
3d) Adding a second letter
criteria: Upon request the user will select "Continue"
and then add a second letter.
4)

Accessing a coded sentence
criteria: The subject will input the two letters
specified that will correspond to a coded sentence.

4a) Select a coded sentence
criteria: The subject will select a coded sentence as
specified by the therapist.
4b) Select a coded sentence from memory
criteria: Upon request the subject will type out the
appropriate two letter code from memory and select it.
5)

Outputing the sentence
criteria: Upon request the subject will select "Speak
Word".

6)

Utilize the dictionary
criteria: The subject will select "Look Up" when
specified.

6a) Select a word from table
criteria: The subject will select the word specified.
6b) Select "More"
criteria: Upon request the subject will select "More".
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6c) Select exit if word does not exist
criteria: The subject will select exit if the word
specified does not exist in the lookup table.
7)

Select special characters
criteria: The subject will upon request select either a
space, a number, or punctuation as specified.

8)

Editing capabilities
criteria: Upon request the subject will select ''Review"

Sa) Deleting a letter
criteria: The subject will select a desired letter and
then delete it.
8b) Inserting a letter
criteria: The subject will select a desired letter and
then insert a specified letter in front of it.
9)

Utilize letter prediction as added to the system
criteria: To be determined based on human performance
characteristics.

Addition of letter prediction
Once the subject had demonstrated the ability to
utilize the ACA he would continue to utilize the system for
three months for pragmatic communications.

After this

period the dynamic dictionary would be analyzed and human
performance characteristics would be measured.

Both of

these factors were to be used to determine the most
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appropriate method for utilizing letter prediction for this
subject.
Human Performance
In determining the most appropriate method of utilizing
letter prediction, user variables can play the dominant
role.

The user variables can be represented as a measure of

human performance called the response time.

The response

time (RT) is the time necessary to interpret a stimulus
(IS), make a decision (MD), and then to activate a switch
(AS).

Although a user may not activate a switch at every

stimulus, the time necessary to activate a switch is the
minimum time a system needs to wait for a switch.

This

minimum time must be present, otherwise the system will not
be usable by the individual.

The equation that makes up the

human response time is
RT

IS

+

MD

+

AS

However, the system developed uses auditory prompting
of selections.

With auditory prompting all material has to

be presented in a serial fashion.

There is a definite time

period associated with the material being presented.

On the

other hand, with visual prompting the computer can almost
instantaneously produce one or many stimuli to be
interpreted.

However, with voice output there is a definite
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time to produce the stimulus (PS).

Therefore, the auditory

response time (ART), is a combination of the time necessary
to produce a stimulus plus the normal response time.
ART

PS

+

RT

+

MD

or
ART

PS

+

IS

+

AS

CHAPTER III

RESULTS AND DISCUSSION

Due to further medical decline the subject was not able
to participate in the study because he was cognitively
unable to access the features of the system.

This made it

impossible to test the hypothesis with the present subject.
However, in order to show how the system might be utilized,
the ACA developed was compared to other

communication

systems as appropriate and a simulation based on the
production of text was conducted.
System Effectiveness
Because the system incorporates many different features
comparison to any one of the currently available systems
would not be valid.

Since present systems usually do not

contain more than one mode of access, different features of
the proposed system will be compared to various augmentative
communication devices where appropriate.

However, the

overall development of the ACA could be said to be
effective.

It would conceivably allow someone in the

targeted population access to all the features necessary to
80
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be a comprehensive communicator, which was the primary goal
in developing the system.
Coding
The proposed communication system will encode the
letters of the alphabet using a binary coded number scheme.
In this scheme, a switch to the left will be a
switch to the right will be a

1

1 1 11

1 1 0 11

and a

Selection of a letter

•

requires a sequence of five actions.

Typing a 00001 in

binary will cause an "A" to be selected.

Typing the number

26 in binary (11010} will cause a "Z" to be selected.
This system will be compared to two other coded systems
for speed of selecting a letter.

It will be compared to a

two switch Morse code scheme used by Beukelman et al. (1984}
and to a modified binary letter selection scheme based on
relative letter frequency used by Sprague and Sprauge
(1983).

The original coding scheme used by Sprauge and

Sprauge (1983) was the single switch coding system in Figure
15a.

This system was modified to be a two switch coding

scheme (figure 15b) to allow a realistic comparison.

The

system will also be compared to the results, reported by
Heckthorne et al.

(1987), for the production of letters

using enhanced scanning (figure Jb).
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Dictionary
With visual prompting a fairly good measure of the
effectiveness of a

dictionary is by measuring the number of

words matched and the reduction in keystrokes.

Heckthorne

and Childress (1982) reported a 24% reduction in keystrokes
using the two switch step scan method with the addition of a
dictionary that contained a 1000 word core and a 200 word
dynamic element.

These results are not directly applicable

to the present situation.

A person with visual feedback

after doing a visual search can immediately tell if the word
desired is in the list or not.

An individual who has to

rely on auditory prompting must scan through each word to
determine if a desired word is in the list or not, and this
takes time.
To measure the effectiveness of a dictionary which is
being used with visual feedback not only does the number of
words matched as a function of

dictionary size have to be

considered, but also the number of words that must be
scanned through as a function of dictionary size.

An

additional keystroke is required if ''MORE" is selected and
this must also be considered in determining the
effectiveness of the system.
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Letter Prediction
To measure the effectiveness of the dictionary at
predicting the next letter typed the number of correct and
incorrect guesses will be measured for each letter
predicted.

Also, data will be taken on how effective the

dictionary is at predicting the next letter of a word which
already exists in the dictionary as compared to words that
are not in the dictionary.
Procedure for Evaluation

Codes
To compare the effectiveness of the chosen prompted
encoding scheme to other possible coding schemes for
efficiency in producing letters the frequency of letters in
text as measured by Samuel Morse and reported by d'Agapeyeff
The frequencies reported are:

(1960), will be utilized.

E
T
A

12,000
9,000
8,000
8,000
8,000
8,000
8,000
6,400
6,200

D
L

u
C

M
F

w
y

G

4,400
4,000
3,400
3,000
3,000
2,500
2,000
2,000
1,700

p
B
V

K

Q
J

X

z

1,700
1,600
1,200
800
500
400
400
200

86

Dictionary and Letter Prediction
In order to determine the effectiveness of the system,
a program was written which simulated the use of the device
in generating a text.

The text that was used for the

simulation came from a Harlequin Romance Novel beginning
with Chapter 6 of "Appearances Are Deceiving" by Linda
Randall Wisdom (1989).

This text was chosen because of the

reading level and, since it is a novel, it contains more
dialogue then most texts.
The dictionary starts out empty of all words and is
allowed to produce the first 2000 words of the text.

This

fills the dictionary with words and establishes a frequency
of use basis.

Once this is accomplished, the device then

simulates the production of the next 2000 words from the
same text.

While this is being performed the following

variables are measured: the number of words that are matched
in the dictionary as a function of dictionary size, the
number of words scanned as a function of dictionary size,
the number of times "more" was selected, the number of
letters guessed right and wrong for words that are and are
not in the dictionary as a function of dictionary size, and
the effect of looking up words after more than two letters
had been chosen.
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It is important to note that only the production of the
The production of punctuation

actual words was examined.

and blank space was not examined.

This fact may lead to

some misleading results if it is compared to other systems.
Validation
Coding
The average number of keystrokes for the production of
letters of the alphabet was computed based on the frequency
of letters as measured by Samuel Morse for different coding
schemes.

The number of keystrokes per letter was multiplied

by the frequency of the letter being produced and then
divided by the total reported frequency (see Figure 16).
From these results it can be seen that, based on the
frequencies by Samuel Morse, prompted encoding is the least
efficient method of coding.

Morse Code is the most

efficient method, with the enhanced matrix being second and
the modified binary code fairly close to the prompted
encoding scheme.

Cognitively the prompted encoding scheme

is the easiest to learn.
may be offset.

Therefore, the loss in efficiency

There are three things which make prompted

encoding easier to learn the prompts themselves, the fact
that the alphabetic order is kept in tact, and that it is
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Letter

A

Prompted Enc.

z

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Average

5

B
C
D

E
F
G
H
I
J

K
L

M
N
0

p
Q

R

s

T

u

V

w
X
y

Figure

Morse

Modif. Bin.

4
4

5
5
5

2

3
1

4

3

4

2

4

3

4

2
2
3

4
4

3
3
1
3

4

3

4
4
4
2.6
16

3

Step Scan
2
6

5
4

3
6
6

5

3
6
6

8

5

5
5
5
4
6
6

5
5
5
4
6
6
6

1

6

4
4

7
5
5

3
3
6

8

3

4

2

5
7
6

7

5

6
9

4.5

3.6

6

Average Number of Keystrokes
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based on binary numbers which could also be used as a memory
aid.
Dictionary
The number of words that have matches in the dictionary
are reported as a function of dictionary size (figure 17).
It is a little surprising that with a 1000 word dictionary
only a little better than 50% of the words have matches in
the dictionary. However. Kurea and Francis (1967) reported
that the top 1000 words matched almost 70% of a given text.
The low results reported are most likely the result of the
fact that two letter words are not in the dictionary.

This

would cause a substantial impact since 13 of the 25 most
frequently used words by individuals using an augmentative
communication device are two letters or less.
The number of words scanned through is reported in
Figure 18.

It can be seen that there is an almost constant

ratio between the the words that are in the dictionary and
those that are not. One third less words need to be scanned
through if the word is in the dictionary, as opposed to a
word not in the dictionary.

The number of words scanned

through increases rapidly until a dictionary size of 500 is
used.

After this point, the number of words scanned through

levels off.

For the 1000 word dictionary approximately 4800

words were scanned through during the simulated production
of the 2000 word text.
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The number of times "More" was selected (figure 19) is
almost zero a 200 word dictionary and it increases rapidly
to 225 for a 600 word dictionary before it begins to level
off.
To get a better understanding of this data, the data
must be examined in relationship to the text being produced
during the simulation.

Of the 2000 word text only

approximately 25% were 2 letters or less.

Of the 2000 words

1500 were eligible to be in the dictionary.

Using a 1000

word dictionary more than half of the words had matches.
The average length of a word is five letters.

Half of these

words would have required the 15 additional keystrokes for
each letter plus the time waisted during the scan.

This can

be considerably frustrating.

Letter Prediction
To examine the use of the dictionary for the prediction
of the next letter, the total number of letters guessed
right and wrong were recorded for different size
dictionaries and plotted in Figure 20.

It can be seen that

the number of letters guessed right is always greater than
the number guessed wrong.

However, it is significant to

note, in looking at Figure 20, that the curve gradually
rises.

This is do to the manner in which the letter
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Number of letters guessed right and guessed
wrong as a function of size
of dictionary
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prediction was measured.

Once a sequence of letters was

chosen for which the dictionary could no longer supply a
guess, based on the words it contained, it would then guess
a space.

However, since the algorithm to test the letter

prediction was concerned only with the production of words
and not the production of spaces or punctuation, the
prediction of a space was not counted as a guess.

If the

prediction of spaces had been counted then the total area
under the curve would be constant, since there would have
been a prediction for each letter.

Consequently, this is

the reason there is a smaller number of total guesses for
the smaller sized dictionaries.
To further understand the use of the dictionary both
the correct and incorrect guesses were examined in more
detail. In Figure 21, the number of letters guessed right as
a function of dictionary size is separated to show how
effective it at predicting the next letter for words that
are already in the dictionary, as opposed predicting words
that are not already in the dictionary.

When the computer

makes a prediction on a word that is already in the
dictionary it is usually correct.

This result provides good

support for the option of forcing the individual to select
the predicted letter, if it is correct, and, if not
selected, to eliminate from the list all words that have the
non-selected letter as their next letter.

Figure 22 is

similar to figure 21, however it provide the relation
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Letters that were guessed wrong
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between wrong guesses both in predicting letters of words
both in and not in the dictionary.

For small dictionaries

wrong guesses occur much more frequently for words which are
not in the dictionary.

However, as the size of the

dictionary increases it can be seen that wrong guesses are
just as prevalent for words both in the dictionary as they
are for words not in the dictionary.

It can be seen that

wrong guesses for words in large dictionaries is slightly
higher than for words not in the dictionary.

This could be

the result of the fact that as the size of the dictionary
increases more words are in the dictionary and therefore,
fewer guesses are made for words not in the dictionary.
than not in the dictionary.
To get a specific understanding of the letter
prediction's capabilities, a plot (figure 23) was made based
on the length of the words being predicted.

The plot shows

three things: an empty triangle shows the number of words in
the text with a given length, a diamond shows the number of
times the next letter was predicted wrong based on a given
number of letters already selected, a filled triangle shows
the number of times the next letter was predicted right
based on a given number of letters already selected.
The unfilled triangle in Figure 23, shows the number of
words with given length.

It demonstrates that the largest

number of words in this text have only three letters.
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Furthermore, it can be seen that a significant number of
words have less than three letters (and these words are
never included in the dictionary).
The diamond in Figure 23, which shows the number of
letters predicted wrong based on a certain number of letters
already typed.

It can be seen that as the number of letters

selected increases the number of wrong predictions sharply
decreases.

The largest number of wrong guesses occurs when

a prediction is made based on the first letter typed.

From

the graph it can be see that the user is approximately 1/3
more likely to get a wrong guess than a right guess based on
the first letter typed.

This can be seen from comparing it

to the filled triangle, which represents the number of
letters guessed right.

The number of letters guessed right

has a maximum at the point where the third letter is
predicted based on the first two letters typed.

At this

point, the dictionary has an approximately 50% chance of
predicting the next letter correct.

As the number of

letters already typed increases to three letters, the
dictionary is more than twice as likely to make a correct
prediction.

As more letters are typed, the ability to

predict the next letter is even greater until it levels off
for very large words.
The results are very promising since there is a 50%
chance of picking the third letter correctly and a better

100

Q)
()
C:

...

�
::,
()
()

-

Three different things are shown the frequency
which wor ds of a given length occur, given a
number of letters can or cannot the next letter
e_...__or
e_d_ic_t_e_d___________
�-------b_
11 00

v occuronces

900

0

700

0

500

>,
()
C:
Q)
::,
CT
Q)

...

LL

0 oreaicted wrong

v

predicted right
TO
T

300

v

100
-100

0

0

T

T

0
3

vv
T

v

00 ��¥ii����
6

9

12

15

18

# of letters
Figure 23

Predictions based on letter position in word

101

chance for successive letters.

The third letter being

predicted is the letter which would primarily be used to
reduce the number of words in the lookup table.

Again, it

must be emphasized that the results do not include the
production of blank spaces or punctuation.

Although it was

not studied, a significant increase in the prediction rate
may be achieved by including one and two letter words in the
dictionary, since a significant number of these words
existed in the text.
The auditory response time is the most crucial aspect
in terms of determining the efficiency of the type of system
developed.

This demonstrates why the use of the adaptive

dictionary to predict the next letter being typed is so
beneficial.

Whether the letter is predicted correctly or

not it can be used to greatly reduce the number of words
looked through in the dictionary.

However, these human

performance characteristics make it impossible to determine
an optimum dictionary size.

This is because the efficiency

is dependent on user characteristics.

For someone who has a

great deal of difficulty making motor responses a larger
dictionary would be of more benefit since it would contain
more words and save activations.

However, for someone with

more motor control a smaller dictionary would be more
effective since they would not have to spend the time
listening to all the words.

CHAPTER IV

CONCLUSION

The subject was unavailable due to additional medical
complicationsand therefore the hypothesis could not
specifically be tested.

However, comparison of the system

and a simulation based on the production of text
demonstrated that the ACA developed has all the components
necessary to theoretically allow an individual with semantic
and pragmatic language skills to communicate efficiently as
a comprehensive communicator.
Furthermore, the implications for the use of letter
prediction to reduce the number of possible words in the
dictionary should have broad implications to many of the
commercially available ACAs.
Finally, there still remains the need for an
augmentative communication device for those individuals with
poor visual and motor functioning.

The device created can

serve as a working ptototype to address some of the issues
related to communication for this population.
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